Current antibody testing for human granulocytic ehrlichiosis relies predominantly on indirect fluorescentantibody assays and immunoblot analysis. Shortcomings of these techniques include high cost and variability of test results associated with the use of different strains of antigens derived from either horses or cultured HL-60 cells. We used recombinant protein HGE-44, expressed and purified as a maltose-binding protein (MBP) fusion peptide, as an antigen in a polyvalent enzyme-linked immunosorbent assay (ELISA). Fifty-five normal serum samples from healthy humans served as a reference to establish cutoff levels. Thirty-three of 38 HGE patient serum samples (87%), previously confirmed by positive whole-cell immunoblotting, reacted positively in the recombinant ELISA. In specificity analyses, serum samples from patients with Lyme disease, syphilis, rheumatoid arthritis, and human monocytic ehrlichiosis (HME) did not react with HGE-44-MBP antigen, except for one sample (specificity, 98%). We conclude that recombinant HGE-44 antigen is a suitable antigen in an ELISA for the laboratory diagnosis and epidemiological study of HGE.
Human granulocytic ehrlichiosis (HGE) is an emerging tickborne infection in North America and Europe and has been recognized increasingly as a cause of acute febrile illness in tick-infested areas (5, 12, 20) . The bacterium that causes HGE is transmitted by the same ticks (Ixodes scapularis and Ixodes pacificus in the United States and Ixodes ricinus in Europe) that are also responsible for the transmission of Borrelia burgdorferi or Babesia spp., the agents of Lyme disease and human babesiosis, respectively (3, 19, 23) . Therefore, patients who have been diagnosed with one tick-associated illness are at an increased risk for another tick-borne infection (13, 16) .
The cultivation of the HGE agent in HL-60 cells has facilitated investigations of this gram-negative intracellular organism (7) . Several immunoreactive proteins have been identified and characterized (1, 10, 11, 25) , and some of the genes encoding these proteins have been cloned (9, 18, 22, 24) . The hge-44 gene family encodes several proteins that are thought to be located on the bacterial membrane surface and are most frequently recognized by antibodies in sera from HGE patients (9, 11, 18, 24) . Antibody testing for HGE is currently performed by using indirect fluorescent-antibody (IFA) staining methods, immunoblot analysis, an enzyme-linked immunosorbent assay (ELISA), or a dot blot assay (11, 16, 21, 24) . Disadvantages of the three former techniques include high cost and variability of test results associated with the use of different strains of antigens derived from either horses or cultured HL-60 cells (1, 17) . Since the HGE-44 proteins are readily recognized by sera from most HGE patients, the use of recombinant HGE-44 antigen for an automated diagnostic ELISA may reduce cost and variability of results and provide a method for screening large numbers of patient sera. We report in this paper on the development and use of an ELISA with recombinant HGE-44 antigen for the serodiagnosis of HGE.
MATERIALS AND METHODS
Patient sera. Thirty-eight sera from 36 patients with HGE were collected by physicians collaborating in the Yale-Connecticut Department of Public Health emerging infections program. All patients fulfilled the criteria of having an acute febrile illness, headache, and malaise, while the majority had laboratory findings of leukopenia and/or thrombocytopenia. The patients were all diagnosed with HGE based on clinical signs and symptoms and either the identification of morulae in a peripheral blood smear or a positive PCR result, and all had a positive whole-cell lysate HGE immunoblot result (11) . Twelve sera from 12 patients with a documented infection with Ehrlichia chaffeensis (identification of morulae and by IFA testing) were used for specificity studies; these sera were kindly provided by J. G. Olson, Centers for Disease Control and Prevention, Atlanta, Ga., and by the Connecticut Department of Public Health. These sera were previously documented by IFA testing to have positive antibody titers for E. chaffeensis antigen (1:80 or greater) and negative results for Ehrlichia equi (positive titer, 1:80 or greater). All 12 sera were tested by immunoblotting with a whole-cell lysate antigen of the HGE agent, and none of them was reactive. Twenty-four sera from 24 patients with Lyme disease were tested at the Lyme Reference Laboratory at Yale University and at the Connecticut Agricultural Experiment Station. Testing procedures were based on Centers for Disease Control and Prevention criteria (2) . Of those 24 sera, 8 sera were reactive in immunoblotting with whole-cell lysate ehrlichial antigens and were excluded from specificity analyses. Sixteen sera from 16 patients diagnosed with syphilis were provided by the Connecticut Department of Public Health and tested for antibodies to Treponema pallidum. One serum found to have antibodies to the HGE agent by immunoblotting was excluded from specificity analyses. Seven sera from seven patients with rheumatoid arthritis were tested by rheumatologists at Yale University, and all seven sera were positive for rheumatoid factor. None of these samples was reactive in immunoblotting for HGE.
A total of 55 sera from 55 healthy blood donors were used as a reference group to test antibody reactivity in an ELISA with HGE-44-maltose-binding protein (MBP) as an antigen and MBP as a control. The 55 sera were tested by whole-cell lysate immunoblotting, and all but 3 sera were nonreactive. The three reactive samples were not excluded from the reference group.
Informed consent, in accordance with institutional review board approval, was obtained for these studies.
Preparation of HGE-44-MBP. The hge-44 gene sequence that was used to generate recombinant HGE-44 protein has been published previously (9) . To improve the solubility of the recombinant protein, glutathione transferase (GT) was replaced by MBP as a fusion partner. The DNA fragment was generated by double digestion of hge-44-pMX with EcoRI and XhoI, releasing a 1,290-bp fragment, and was inserted into the pMAL-c2X vector downstream of the Escherichia coli malE gene, which encodes MBP, resulting in the expression of an MBP fusion protein (pMAL protein fusion and purification system; New England Biolabs, Beverly, Mass.). Transformed cells (XL-1 blue; Stratagene, La Jolla, Calif.) were grown to a concentration of 2 ϫ 10 8 cells/ml, isopropyl-␤-Dthiogalactopyranoside (IPTG) was added (final concentration, 0.3 mM), and the mixture was incubated at 37°C for 2 h. Cells were harvested by centrifugation at 4,000 ϫ g for 20 min and were lysed by overnight freezing at Ϫ20°C and by subsequent sonication for 10 min. Expression in E. coli produced a soluble fusion protein of about 80 kDa on a Coomassie blue-stained gel (Fig. 1A) ; the protein was purified on an affinity column as suggested by the protocol of the manufacturer (New England Biolabs). HGE-44-MBP was recognized by rabbit anti-MBP serum (Fig. 1B ) and patient serum (Fig. 1C) in an immunoblot analysis. Similarly, MBP was purified for use as a control in an ELISA (data not shown).
ELISA. The ELISA was a solid-phase noncompetitive method similar to that used for the detection of antibodies to whole-cell or recombinant B. burgdorferi antigens (14, 15) . Ninety-six-well flat-bottom polystyrene plates (Nunc, Roskilde, Denmark) were coated by adding in alternate rows 50 l of antigen (HGE-44-MBP diluted in phosphate-buffered saline [PBS]; final concentration, 2.5 g/ml) or PBS only (PBS control). Similarly, control plates were coated by adding in alternate rows 50 l of MBP in PBS (final concentration, 2.5 g/ml) or PBS only (PBS control). The plates were incubated uncovered overnight at 37°C. On the next day, the plates were blocked with PBS containing 0.5% horse serum (200 l per well) at 37°C for 90 min. Human sera were serially diluted twofold (starting at a dilution of 1:80) with diluent (1 liter of diluent contains 376 ml of 10ϫ PBS, 2 ml of Tween, 564 ml of distilled water, 50 ml of horse serum, and 10 ml of 5% dextran sodium sulfate). After blocking, the plates were washed five times with PBS-0.05% Tween. Diluted sera (60 l/well) were added to wells coated with HGE-44-MBP, MBP alone, or PBS only and incubated for 60 min. The plates were washed five times. Subsequently, 60 l of polyvalent horseradish peroxidase-conjugated goat anti-human immunoglobulin G (IgG) (Kierkegaard & Perry Laboratories, Inc.
[KPL], Gaithersburg, Md.) (1:12,000 dilution in diluent) was added to each well and incubated at 37°C for 1 h. After the plates were washed five times, 60 l of ABTS (2,2Ј-azino-di-[3-ethylbenzthiazoline sulfonate]; KPL) was added to each well and incubated at 37°C. After 1 h, absorbances were measured with a plate reader at 405 nm. Optimal concentrations of antigens, serum dilutions, secondary antibody dilutions, and substrate incubation times were established in prior experiments. Net absorbance values were calculated by subtracting MBP values from their respective HGE-44-MBP values after first correcting for the PBS control values for both HGE-44-MBP and MBP. Cutoff values were established based on 2 standard deviations above the mean absorbance in the group of healthy donor sera (n ϭ 55).
Immunoblotting. All sera were tested by immunoblot analysis with procedures described previously prior to the ELISA testing (11) . Briefly, a lysate of ehrlichial bacteria was dissolved in sample buffer (5% 2-mercaptoethanol, 10% glycerol, 2% sodium dodecyl sulfate [SDS], and 0.8% bromophenol blue in 6.25 mM Tris buffer [pH 6.8], heated for 10 min at 100°C, and loaded onto a gel for SDSpolyacrylamide gel electrophoresis separation. Molecular mass standards were used for each panel (Bio-Rad Laboratories, Hercules, Calif.). Protein was transferred to nitrocellulose, and the blocking procedure was performed by use of PBS with 5% nonfat dry milk. Nitrocellulose strips were incubated with a 1:100 PBS dilution of human sera, washed three times with PBS-0.2% Tween, incubated with the secondary alkaline phosphatase-conjugated antibody, and washed three times with PBS-0.2% Tween. The secondary antibody, alkaline phosphatase-conjugated F(abЈ) 2 anti-human IgM or IgG (Sigma Chemical Co., St. Louis, Mo.), was used as specified by the manufacturer (1:1,000 dilution). Blots were developed for 5 min with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate (KPL), and the reaction was quenched with distilled water.
Immunoblots containing HGE-44-MBP were processed in a similar manner, except that 5 g of HGE-44-MBP was loaded onto the gel instead of a whole-cell HGE agent lysate.
IFA. Serologic testing by IFA staining methods was performed as described previously (13, 16) . Briefly, slides for IFA testing were coated with HL-60 cells infected with the HGE agent (NCH-1 strain) and fixed by cold acetone treatment. Sera were diluted in PBS solution and tested for total antibodies with a 1:80 dilution of polyvalent fluorescein isothiocyanate-labeled goat anti-human immunoglobulin (KPL). Distinct fluorescence of inclusion bodies of infected HL-60 cells was considered evidence of antibody presence in diluted sera (dilution, 1:80 or greater). Twofold dilutions of positive sera were retested to determine the highest serum dilution that was still reactive. Positive and negative control sera were included in all testing.
RESULTS

ELISA.
The optical density (OD) values of the 55 sera from the 55 healthy blood donors were used as the reference group to calculate the cutoff levels at different serum dilutions. OD values were considered positive if equal to or greater than 0.45 (1:160 dilution), 0.38 (1:320 dilution), or 0.26 (1:640 dilution or greater). Subsequently, 38 sera from HGE patients (with clinical disease and reactivity to the 44-kDa antigen on immunoblots) were tested in an ELISA. Of these, 33 sera (87%) showed antibody reactivity, with OD values considered positive according to the previously established cutoff levels, while 4 sera had OD values that were below the cutoff levels and were considered nonreactive. One serum sample showed high reactivity to the MBP control antigen (at a titer of Ն1:640) as well as to the HGE-44-MBP antigen (at a titer of Ն1:640); the test result was therefore not interpretable. The four HGE patient sera that failed to react in the ELISA were retested in an ELISA with the same HGE-44-MBP antigen; again, no antibodies were detected, while reactivity was clearly indicated on immunoblots with either HGE-44-MBP (Fig. 2) or the wholecell HGE agent lysate as the antigen (data not shown).
Next, specificity tests were performed with sera from different study groups, including confirmed Lyme disease, human monocytic ehrlichiosis (HME), rheumatoid arthritis, or syphilis (Table 1) . A total of 24 sera from subjects with Lyme disease (clinical disease and confirmed by immunoblotting) were randomly selected based on a positive Lyme immunoblot result and then tested by whole-cell HGE agent lysate immunoblotting to exclude possible exposure (concomitant or prior) to the HGE agent. Eight sera showed specific reactivity to ehrlichial proteins in immunoblotting and were excluded from specificity analyses of the HGE ELISA because these sera were considered to have specific antibodies to both B. burgdorferi and the HGE agent. The other 16 sera tested negative in the ELISA (Table 1) . Twelve HME patient sera characterized previously by IFA procedures and immunoblotting did not show antibody reactivity in the HGE-44-MBP ELISA. Seven sera from patients with clinical rheumatoid arthritis and positive for rheumatoid factor did not have detectable antibodies to the HGE agent in the ELISA. Of the 16 sera from 16 patients with confirmed syphilis (IFA titer, Ն1:1,024), 15 were nonreactive in whole-cell HGE agent lysate immunoblotting, while 1 was reactive (Table 1 ). This sample was excluded from the specificity calculations. Of the 15 sera included, 14 did not have detectable antibodies in the ELISA, while the 1 remaining sample was reactive. The reactivity of this sample was interpreted as a false-positive ELISA result. In specificity calculations for the ELISA, based on the analysis of 50 sera from 50 patients with different diseases (16 Lyme disease, 12 HME, 7 rheumatoid arthritis, and 15 syphilis patients), only one syphilitic serum sample showed antibody reactivity, resulting in a specificity of 98%.
In order to compare the HGE-44-based ELISA with current IFA tests, the 38 sera from the HGE patients also were tested by IFA staining procedures. Twenty-seven sera had evidence of antibodies against the HGE agent, while 11 sera were not reactive in IFA procedures. The calculated sensitivity was 71%. Of the five HGE sera that were found negative in the ELISA but positive in immunoblotting, three were found positive in IFA procedures. For the positive samples in both tests, the calculated geometric mean antibody titers were 753 in the ELISA and 296 in the IFA test, and the titers ranged from 160 to 10,240 and 80 to 2,560, respectively.
DISCUSSION
During the course of an HGE infection, most patients develop antibodies to the 44-kDa family of ehrlichial proteins (1, 11, 25) . These HGE-44 proteins are members of a family of related proteins that have molecular masses between 42 and 47 kDa and are encoded by genes which have a high degree of nucleotide similarity in conserved parts of the gene sequence (9, 18, 24) . In this paper, we describe the use of HGE-44 as a recombinant protein fused to MBP. The HGE-44-MBP antigen was used in our polyvalent ELISA-based diagnostic test. Thirty-three HGE patients were correctly found to have antibodies to the HGE agent (sensitivity, 87%), while sera from persons with other diseases, such as Lyme disease, HME, rheumatoid arthritis, or syphilis, were normally nonreactive in the HGE ELISA (specificity, 98%). We conclude that the performance of an ELISA with the HGE-44-MBP antigen is comparable to if not better than that of IFA procedures for the laboratory diagnosis of HGE. However, the overall sensitivity needs to be improved further if this recombinant antigen-based test is to be used as a major screening test.
Currently, there is no practical laboratory "gold standard" for the detection of HGE infection, making discordant results from IFA staining methods, immunoblotting, and the HGE-44 ELISA difficult to interpret. We used whole-cell HGE immunoblotting as our standard to define our group of negative controls and to confirm HGE antibody reactivity in the HGE patient group. Although there may be a selection bias in the use of HGE patient sera that contain antibodies to HGE-44 proteins, as detected by immunoblotting, we have found agreement between the results of IFA and immunoblot testing to be in the range of 79 to 87% (8, 16) . The observed relatively low sensitivity of IFA testing may be due in part to this selection bias, the HGE strain used, or the conservative grading procedures in the test. Furthermore, occasionally we have observed specific fluorescence of morulae for some sera that showed reactivity on immunoblots to bands in the 70-to 80-kDa range but not to the 44-kDa cluster of bands. Nevertheless, if analyses of larger numbers of sera confirm our findings, then an HGE-44-based ELISA may replace the current serologic IFA testing method that uses whole-cell HGE antigens (4, 17, 21) . Variability in IFA test results is the product of interlaboratory differences, use of different ehrlichial strains, and variations associated with separate batches of cultured HGE antigen. Despite these variations, which lead to different sensitivities and specificities, IFA staining procedures have been an acceptable method for the initial screening of sera (17) . The advent b These samples contained antibodies specific for the HGE agent in immunoblotting, so only the 16 immunoblot-negative serum samples were included in the ELISA specificity calculations.
c One sample was previously found to have antibodies specific for the HGE agent and was therefore excluded from the ELISA specificity calculations. The other sample did not show reactivity in immunoblotting and was included in the ELISA specificity calculations.
of an automated HGE-44-based ELISA will reduce some of the sources of variability in the current IFA testing method and may improve the overall performance of HGE antibody testing. However, the development of ELISAs to differentiate class-specific antibodies is needed. Immunoblot analysis should be used to verify ELISA results and to further evaluate the performance of ELISAs.
We identified four HGE patients whose sera did not have detectable antibodies in an ELISA with the HGE-44-MBP antigen, but specific antibodies to 44-kDa proteins were detected by whole-cell immunoblot analysis. The presence of SDS in the immunoblotting procedure may have affected protein folding, resulting in the observed differences. Furthermore, several investigators have reported the cloning and expression of an hge-44 gene homolog. A comparison of the corresponding protein sequences shows a general pattern for all members of this gene family (9, 18, 24) . In general, the protein sequences consist of two conserved regions located at the amino terminus and carboxyl terminus and flanking a highly variable middle region. A similar phenomenon has been shown for the genetically related MSP-2 family in Anaplasma marginale (6) . Immunoblots with different HGE isolates show different banding patterns when a panel of HGE patient sera is used, indicating that the proteins of the HGE-44 family are differentially expressed (1, 25) . The variable banding patterns also indicate that persons have developed different antibody responses depending on which HGE-44 proteins are expressed. Therefore, it is conceivable that an HGE patient may not have antibodies against a certain HGE-44 homolog if that homolog is not expressed during the acute phase of infection. If such a homolog were used as an antigen in a recombinant HGE-44 antigen-based ELISA, then there could be false-negative results. A mixture of two or more recombinant antigens, a strategy that is currently being considered for Lyme disease antibody testing (14, 15) , may circumvent this problem and thus improve the overall sensitivity of the assay.
We conducted specificity tests with sera from patients with well-documented diseases, including Lyme disease, syphilis, rheumatoid arthritis, and HME. In defining the Lyme disease group, we found that one third of the Lyme disease sera had antibodies to the HGE agent, as detected by immunoblotting. This result is to be expected because patients with Lyme disease and frequent tick bites probably have a risk of acquiring other tick-associated illnesses, including HGE (13, 16) . The number of Lyme disease patients with concomitant ehrlichial and borrelial antibodies is comparable to what has been previously reported (13, 16) . Sera containing antibodies specific to both B. burgdorferi and the HGE agent need to be excluded from ELISA specificity analyses for this reason.
The advantage of using MBP rather than glutathione transferase (GT) as a fusion partner is that the HGE-44-MBP antigen is highly soluble and easy to purify, compared to the HGE-44-GT antigen (9) . Other investigators have encountered similar difficulties in purifying recombinant HGE-44 proteins in large quantities using a variety of different strategies (18, 24) . This result is most likely attributable to the peptide sequence and structure, which dictate the (in)solubility of these membrane proteins. We observed antibodies that reacted to MBP in only 1 serum of a total of 156 sera. Therefore, we suggest that the presence of antibodies to MBP is not a common occurrence. If there is major antibody reactivity to MBP in a patient serum, interpretation may not be possible. It is advised that proper controls be included in all ELISAs to check for false-positive reactions to MBP or other reagents.
Since the first description of HGE in the United States in 1994, the number of reported cases has increased steadily.
Accurate laboratory confirmation of suspected HGE infections is important for clinical practice as well as for epidemiological studies of this emerging disease. A recombinant HGE-44 antigen-based ELISA may prove to be an additional diagnostic tool for further determining the incidence and geographic distribution of this disease.
